








Performance Investigation of 1.6 Tbps
Hybrid WDM-PDM-OFDM-based Free
Space Optics Transmission Link
Mehtab Singh, Jyoteesh Malhotra,
Ahmad Atieh, Hala J. El-Khozondar &
vigneswaran Dhasarathan
1 23
Your article is protected by copyright and
all rights are held exclusively by Springer
Science+Business Media, LLC, part of
Springer Nature. This e-offprint is for personal
use only and shall not be self-archived in
electronic repositories. If you wish to self-
archive your article, please use the accepted
manuscript version for posting on your own
website. You may further deposit the accepted
manuscript version in any repository,
provided it is only made publicly available 12
months after official publication or later and
provided acknowledgement is given to the
original source of publication and a link is
inserted to the published article on Springer's
website. The link must be accompanied by






Performance Investigation of 1.6 Tbps Hybrid 
WDM‑PDM‑OFDM‑based Free Space Optics Transmission Link
Mehtab Singh1 · Jyoteesh Malhotra1 · Ahmad Atieh2 · Hala J. El‑Khozondar3 · 
vigneswaran Dhasarathan4
Accepted: 11 November 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020
Abstract
A novel ultra-high capacity free space optics (FSO) link has been developed by incorpo-
rating hybrid wavelength divison multiplexing (WDM)-polarization division multiplex-
ing (PDM)-orthogonal frequency division multiplexing (OFDM) techniques with 16-level 
quadrature amplitude modulation (16-QAM) signals. Coherent detection is employed to 
enhance the receiver sensitivity in the presence of channel effects. The proposed link is 
analyzed under the impact of dynamic weather conditions viz. haze, rain, dust and fog 
using bit error rate, optical signal to noise ratio, error vector magnitude and maximum 
transmission range performance metrics. Sixteen independent DWDM channels with 
0.8 nm channel spacing each carrying 100 Gbps data are successfully tranported using the 
proposed FSO link realizing a net data rate of 1.6 Tbps. Furthermore, we demonstrated 
a performance comparison of the link with contemporary works. The proposed FSO link 
provides a feasible and viable solution to implement ultra-high-capacity wireless transmis-
sion networks for last-mile access.
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1 Introduction
Free space optics (FSO) communication technology uses light signals to transport high-
speed data over free space/air medium. It provides secure information transmission links 
with immunity to electromagnetic and radio frequency (RF) interference. FSO links can 
meet the ever-rising need for large-channel bandwidth because it employs the underex-
ploited and unregulated portion of the electromagnetic spectrum for carrier signals [1]. 
The lightweight of equipment with quick and easy installation process and low deploy-
ment cost make FSO links a promising solution for the last-mile access in regions where 
the deployment of optical fiber cables is not possible due to geographical constraints or 
unreasonably high licensing fee [2]. FSO technology has emerged as an effective means 
to provide high-speed transmission networks in terrestrial links, inter-satellite links, 
underwater links, inter-vehicular links, 5G connectivity, etc. [3–7]. However, the exter-
nal climate conditions such as rain, fog, haze, snow, dust, and storm etc. attenuate the 
information carrying laser beam through signal absorption and beam scattering which 
limits the maximum transmission range in FSO links [8].
In the past years, researchers have adopted different multiplexing technologies capa-
ble of transporting multiple information bits per symbol to enhance the performance 
and information capacity in optical communication networks such as wavelength divi-
sion multiplexing (WDM), polarization division multiplexing (PDM), orthogonal fre-
quency division multiplexing (OFDM), and mode division multiplexing (MDM). Lu 
et  al. experimentally demonstrated a hybrid WDM-MDM-based 280 Gbps-150  m 
FSO transmission link using afocal telescope and a broadband light source based on 
an optoelectronic oscillator [9]. The results demonstrated that the incorporation of afo-
cal telescope facilitated an improved transmission range and the convergence of WDM 
and MDM technologies provided an enhanced information capacity of the link for out-
door and long-haul optical communication networks. In 2017, Rashidi et  al. proposed 
a novel bandwidth-efficient spectral slicing WDM (SS-WDM)-based FSO link using a 
1550  nm laser and WDM demultiplexer for slicing spectrum [10]. Four independent 
1.56 Gbps information channels with 0 dBm transmitted power are transported reliably 
over 2.5 km range under heavy rainfall conditions in China with acceptable bit error rate 
(BER) performance.
In 2018, Mandal et al. reported the deployment of FSO technology for realizing future-
generation bidirectional triple play services [11]. The authors have experimentally dem-
onstrated a faithful transportation of 10 Gbps voice/data signals and 1.49 Gbps HDTV 
signals over 500 m FSO transmission range. They used WDM-based radio over FSO link 
with reflective semiconductor amplifier to achieve high receiver sensitivity and good BER 
performance. Ciaramella et al. experimentally demonstrated a 1.28 Tbps double-pass FSO 
link between two buildings in Pisa, Italy with improved signal power stabilization by using 
saturated Erbium-doped fiber amplifier [12]. Upadhayay et al. reported the development of 
160 Gbps hybrid WDM-PDM-FSO system with the incorporation of alternate mark inver-
sion scheme for improved performance [13]. Eight distinct 20 Gbps information channels 
are transmitted along 8 km range with acceptable BER, signal-to-noise ratio (SNR) and 
quality factor at the receiver. Al-Gailani et al. reported a high-capacity and scalable WDM-
FSO link using multibeam transmission technique under the impact of heavy rainfall con-
ditions in Malaysia [14]. The authors reported the transportation of four independent chan-
nels with 1.25 Gbps information per channel and 0.8 nm channel separation over 1100 m 
with good BER performance and high receiver sensitivity.
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In 2018, Thakur et al. reported the application of Kerr nonlinearity effect in a high non-
linearity fiber for super-continuum generation to realize a low-cost, scalable, and flexible 
SS-WDM-FSO system [15]. The proposed link was demonstrated using four independent 
wavelength channels; each carrying 2.5 Gbps information transmitted over 5  km. A 64 
Gbps-100 m FSO link using four-level pulse amplitude modulated signals and 11.2 GHz 
vertical surface cavity emitting laser with external light injection scheme has been reported 
in [16]. The signal was transmitted over 100 m range. In 2016, Kumar et al. reported the 
modeling of a 10 Gbps OFDM-based FSO link using 4-level quadrature amplitude modu-
lation (QAM) technique [17]. The proposed link performance was investigated for differ-
ent receiver antenna aperture diameter, transmission power, and weather conditions. This 
work reported a successful transportation of 10 Gbps information over 1800 m transmis-
sion range.
The incorporation of coherent detection with OFDM technology (CO-OFDM) can pro-
vide ultimate performance in terms of robustness against multipath fading, dispersion, 
improved receiver sensitivity, and spectral efficiency. Chaudhary et al. reported a 1 Tbps 
transmission over 1.6 km CO-OFDM-FSO link [18]. Gupta et al. have proposed a novel 
OFDM-FSO link by incorporating low-density parity checking codes with trellis coded 
modulation schemes for improving the quality of the information signal [19]. The link 
performance is analyzed using Log-normal scintillation model. Furthermore, the authors 
demonstrated that the proposed system provided enhanced performance with low decoding 
complexities and less delay. Kumar et al. have proposed an improved OFDM-FSO trans-
mission link under multi-user environment incorporating frequency diversity at the trans-
mitter and space diversity at the receiver terminal [20]. In addition, spreading coding is 
combined with OFDM architecture and an analytical model is developed for turbulence 
and timing jitter. The investigated BER and receiver sensitivity performance showed that 
the proposed code division multiplexing-based standard OFDM-FSO link performs nota-
bly better than OFDM-FSO link. Grover et al. have proposed a radio over FSO link incor-
porating OFDM technique with 4-QAM modulation scheme [21]. A 10 GHz RF signal is 
transported using 10 Gbps QAM information under the impact of dynamic climatic condi-
tions over 4000 m. In another work [22], the authors have reported the performance com-
parison of optical dual side band modulation and optical single side band signals in a radio 
over OFDM-FSO link for 5G applications.
The incorporation of MDM of four distinct Hermite Gaussian modes to realize high-
capacity FSO transmission using a single 1552 nm spatial laser and optical pre-amplifica-
tion is reported in [23]. The scheme is demonstrated for 80 Gbps data over 50 km trans-
mission range. In 2018, Sarangal et  al. proposed the integration of optical code division 
multiple access (OCDMA) and Laguerre Gaussian modes-based MDM techniques in a 
novel FSO system [24]. They successfully transmitted 100 Gbps information over 8 km. In 
2019, Amphawan et al. reported a hybrid WDM-MDM-based radio on FSO link employ-
ing vortex lens for millimeter wave transmission [25]. Distinct Hermite Gaussian and spi-
ral-phased Laguerre Gaussian modes were incorporated to transmit data over 50 km. Kaur 
et al. have reported a novel FSO link incorporating spectral amplitude code-OCDMA tech-
nique with diagonal double weight (DDW) code [26]. The proposed link simultaneously 
supports 10 users with 5 Gbps transmission rate per user. The proposed link is analyzed for 
varying haze and rain climate. The numerical simulation showed a successful transmission 
of high-speed information over 10 km range.
Recently, many researchers have reported spectral-efficient FSO links by incorporat-
ing advanced information modulation techniques, particularly PDM-quadrature phase 
shift keying (QPSK) and PDM-16-QAM. In 2018, Liu et  al. demonstrated a 384 Gbps 
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dense WDM-FSO system with 0.8 nm channel separation using PDM-QPSK signals over 
adjusted atmospheric turbulence conditions [27]. In 2019, Kakati et al. proposed an eco-
nomical single-channel 120 Gbps FSO transmission link using PDM-16-QAM modulation 
technique with homodyne detection and digital signal processing (DSP) algorithm at the 
receiver terminal [28].
In this work, we report the development of a novel ultra-high capacity hybrid WDM-
PDM-CO-OFDM-based FSO link using 16-QAM signals. The performance of the pro-
posed link has been investigated under the impact of different weather conditions includ-
ing different levels of haze, rain, fog, and dust. A successful transportation of 1.6 Tbps 
data over a transmission range varying from 0.13 km to 20 km depending on the exter-
nal weather conditions is achieved with good BER and OSNR performance. This paper 
is organized as follows- the system architecture of the proposed WDM-PDM-CO-OFDM-
based FSO link is described in Sect. 2. The performance of the proposed link under the 
impact of dynamic weather conditions has been discussed in Sect. 3. Section 4 reports the 
conclusions of this work.
2  Proposed Hybrid WDM‑PDM‑CO‑OFDM‑Based FSO Link
Figure  1 illustrates the block diagram of WDM-PDM-CO-OFDM-based FSO link. The 
link is analyzed employing commercially available OptiSystem software.
For each independent DWDM channel, a 100 Gbps data stream is distributed into 
X-polarization and Y-polarization branches. Each branch is modulated using a 16-level-
QAM modulator (Fig. 2) with 4 bits/symbol and mapped onto 512 subcarriers through a 
serial-to-parallel (S/P) converter. In the proposed system, an Inverse Fast Fourier Trans-
formation (IFFT) with 1024 IFFT points is applied to generate a time domain signal. The 
time domain signal is serialized using a parallel-to-serial (P/S) converter and a cyclic pre-
fix (CP) of 32 value is added to the signal which is further converted into an analog sig-
nal using digital to analog (D/A) converters. Each signal is optically modulated using a 
distinct polarization beam (X or Y) of a continuous wave (CW) laser and further com-
bined employing a polarization beam combiner (PBC). Individual DWDM channels are 
Fig. 1  Block diagram of WDM-PDM-CO-OFDM-based FSO link
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multiplexed using a WDM multiplexer (MUX) and launched into a free space channel. Fig-
ure 3a illustrates the optical spectrum of the transmitted 1.6 Tbps information signal and 
Fig. 3b shows the signal at the input of the DEMUX at the receiver end.
The FSO link is modeled mathematically as [29]:
where Pr represents the optical power at the receiver unit, Pt is the transmitted signal optical 
power, Dr denotes the receiving antenna aperture diameter, Dt represents the transmitting 
antenna aperture diameter,  is the beam divergence angle,  denotes the weather depend-
ent specific attenuation constant, and Z represents the transmission range. Many chan-
nel scintillation models namely log-normal model, negative exponential model, double 
Weibull model, gamma–gamma (G–G) distribution model, etc. have been reported in the 
literature to analyze turbulence induced fading in the FSO links. However, G–G distribu-
tion model is commonly used to model the channel condition accurately, which is ranging 
from weak to strong turbulence conditions [30, 31]. In the proposed work, G–G model has 
been considered to investigate the impact the atmospheric turbulence on the performance 
of FSO link. The probability density function for G–G channel is mathematically described 
as [32]:
where  and  denote large-scale and small-scale effects of turbulence, which are math-
ematically described in Eqs. (3) and (4) respectively,   represents the gamma function, and 
































Fig. 2  Schematic diagram of the 16-level-QAM modulator
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Fig. 3  Optical spectrum of 1.6 
Tbps information signal at a 
output of WDM MUX b input of 
WDM DEMUX
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turbulence conditions. Table  1 illustrates the simulation parameters considered in this 
study. Tables 2, 3, 4 and 5 illustrate the attenuation coefficients due to different level of 
haze, rain, fog and dust weather conditions, respectively [18–21, 33].
At the receiver terminal, a DWDM demultiplexer (DEMUX) separates the different 
DWDM channels and directs them to the dedicated demodulator unit. Figure 3b depicts the 
spectrum of the received optical signal at the input of the DWDM DEMUX. The spectrum 
of each channel experiences distortion due to the effect of the FSO atmospheric conditions 
on the received signal. The demodulator unit of each DWDM channel consists of a polar-
ization diversity and coherent detector using a PBS, local oscillator (LO) with 10 dBm 
power and 0.1 MHz line width,  900 optical hybrid and balanced receivers. The independent 
branches of the information signal are then converted into digital signal using analog-to-
digital converters (A/D) followed by the removal of cyclic prefix and the P/S conversion 
process. A Fast Fourier Transformation (FFT) is applied to the parallel streams for channel 
estimation followed by a 16-level-QAM decoder to retrieve the original signal.
Table 1  Simulation parameters Parameter Value
Frequency range 193.1–194.7 THz
Number of frequency channels 16
Channel separation 0.8 nm (100 GHz)
Bit rate 100 Gbps/channel
Symbol rate 12.5 Gbps/channel
Laser input power 10 dBm
Laser line width 0.1 MHz
Aperture diameter of transmitting and receiving 
antenna
10 cm
Beam divergence angle 0.25 mrad
Specific attenuation for clear conditions 0.14 dB/km
Ionization ratio of photodiode 0.9
Responsivity of photodiode 0.8 A/W
Dark current 10 nA
Sequence length 32,768
Samples per bit 32
Table 2  Specific attenuation 
constant for haze weather 
conditions




Table 3  Specific attenuation 
constant for rain weather 
conditions





 M. Singh et al.
1 3
3  Results and Discussions
The performance of the proposed link is characterized in terms of the required OSNR, 
BER of the received signal, constellation EVM and maximum supported transmission 
range under the impact of different weather conditions. Figure 4 illustrates the log (BER) 
versus OSNR plots for the back-to-back transmission (B2B) and 20 km transmission under 
clear weather. It can be observed that with an increase in the OSNR, the BER decreases, 
indicating an improvement in the link performance. The required OSNR to achieve a faith-
ful BER of -2.42 (i.e. FEC Limit [34]) for B2B transmission is 21 dB and is increased to 
24 dB in the case of 20 km transmission. The OSNR penalty for 20 km transmission is 
3 dB as compared to B2B transmission.
3.1  Link Performance Evaluation Under Haze Conditions
Figure 5a–c reports the log (BER) versus OSNR performance under low haze, mild haze, 
and heavy haze conditions respectively at different transmission range. It is observed that 
increasing signal attenuation coefficient from low haze to heavy haze limits the achievable 
transmission range, as should be expected. Also, with increasing transmission range, the 
OSNR requirement of the system to achieve faithful BER increases. This can be attributed 
to the fact that the received optical power is inversely proportional to the square of the 
transmission range as discussed in Eq.  (1). The OSNR requirement is 26.5 dB for 9 km 
transmission under low haze conditions, 29.5 dB for 5 km transmission under mild haze 
conditions, and 27.5 dB for 2.5 km transmission under heavy haze conditions. The OSNR 
penalty of the link as compared to B2B transmission (Fig. 4) is 5.5 dB, 8.5 dB, and 6.5 dB 
respectively. Figure  5d depicts the log (BER) with increasing range for low haze, mild 
haze, and heavy haze conditions at a constant OSNR of 24 dB. The maximum range is 
7.1 km under low haze, 3.8 km under mild haze, and 2 km under heavy haze.
3.2  Link Performance Evaluation Under Rain Conditions
Figure 6a–c reports the log (BER) versus OSNR for light rain, medium rain, and heavy 
rain conditions respectively. The OSNR requirement to achieve a faithful BER is 
28.5 dB for 3.7 km transmission under light rain, 29 dB for 2.7 km transmission under 
Table 4  Specific attenuation 
constant for fog weather 
conditions




Table 5  Specific attenuation 
constant for dust weather 
conditions
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medium rain, and 27.7 dB for 1.5 km transmission under heavy rain. The OSNR penalty 
of the link as compared to B2B transmission is 7.5 dB, 8 dB, and 6.7 dB respectively. 
Figure 6d depicts the log (BER) with increasing range for light rain, medium rain, and 
heavy rain conditions at a constant OSNR of 24  dB. The maximum range is 2.9  km 
under light rain, 3.8 km 2.15 km under medium rain, and 1.25 km under heavy rain.
3.3  Link Performance Evaluation Under Fog Conditions
Figure 7a–c reports the log (BER) versus OSNR plots for thin fog, thick fog, and heavy 
fog conditions respectively. The OSNR requirement to achieve a faithful BER is 28.4 dB 
for 2.8 km transmission under thin fog, 28.5 dB for 1.8 km transmission under thick fog, 
and 29.1 dB for 1.4 km transmission under heavy fog. The OSNR penalty of the link 
as compared to B2B transmission is 7.4 dB, 7.5 dB, and 8.1 dB respectively. Figure 7d 
illustrates the log (BER) with increasing range plots for thin fog, thick fog, and heavy 
fog conditions at a constant OSNR of 24 dB. The maximum range is 2.2 km under thin 
fog, 1.45 km under thick fog, and 1.11 km under heavy fog.
3.4  Link Performance Evaluation Under Dust Conditions
Figure 8a–c reports the log (BER) versus OSNR plots for light dust, moderate dust, and 
dense dust conditions respectively. The OSNR requirement to achieve a faithful BER 
is 27.3 dB for 1.2 km transmission under light dust, 28.1 dB for 0.35 km transmission 
Fig. 4  log (BER) versus OSNR for B2B transmission and 20 km transmission (Insets: Constellation plots)
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Fig. 5  log (BER) versus OSNR for a low haze b mild haze c heavy haze; d log (BER) versus transmission 
range for different haze conditions at 24 dB OSNR
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Fig. 5  (continued)
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Fig. 6  log (BER) versus OSNR for a light rain b medium rain c heavy rain; d log (BER) versus transmis-
sion range for different rain conditions at 24 dB OSNR
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Fig. 6  (continued)
Author's personal copy
 M. Singh et al.
1 3
Fig. 7  log (BER) versus OSNR for a thin rain b thick fog c heavy fog; d log(BER) versus transmission 
range for different fog conditions at 24 dB OSNR
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Fig. 7  (continued)
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Fig. 8  log (BER) versus OSNR for a light dust b moderate dust c dense dust; d log(BER) versus transmis-
sion range for different dust conditions at 24 dB OSNR
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Fig. 8  (continued)
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under moderate dust, and 26.2  dB for 0.13  km transmission under dense dust. The 
OSNR penalty of the link as compared to B2B transmission is 6.3  dB, 7.1  dB, and 
5.2 dB respectively. Figure 8d illustrates the log (BER) with increasing range plots for 
light dust, moderate dust, and heavy dust conditions at a constant OSNR of 24 dB. The 
maximum range is 1.02 km under light dust, 0.28 km under moderate dust, and 0.12 km 
under dense dust.
3.5  Link Performance Comparison with Contemporary Works
Table  6 compares the performance of the proposed WDM-PDM-CO-OFDM-based FSO 
link with contemporary works in the literature in terms of net data rate and maximum sup-
ported transmission range. The comparison shows that the proposed link demonstrates a 
significantly improved performance in contrast with the reported works. This is due to the 
incorporation of CO-OFDM technology which aids high-speed information transmission 
without inter-symbol interference & inter-carrier interference and provides robustness to 
multipath signal fading. The PDM technology and 16-level-QAM scheme improves the 
transmission system spectral efficiency.
3.6  Link Performance Evaluation Under Atmospheric Turbulence
Furthermore, we investigated the impact of atmospheric turbulence on the performance of 
the proposed link. Figure 9a–d reports the log(BER) of the received signal versus refrac-
tive index structure ( C2
n
 ) for weak turbulence ( C2
n
= 5 × 10−17m−2∕3) , moderate turbulence 
( C2
n
= 5 × 10−15m−2∕3) , and strong turbulence ( C2
n
= 5 × 10−13m−2∕3) under haze, rain, fog 
and dust conditions, respectively at 24 dB OSNR (dashed line) and 27 dB OSNR (solid 
line). The results show that at 24 dB OSNR, the proposed link performs good under weak 
turbulence conditions, while it fails to demonstrate acceptable BER under moderate tur-
bulence and strong turbulence conditions. Alternatively, when the OSNR is 27  dB, the 
proposed link demonstrates acceptable BER under all conditions from weak turbulence to 
strong turbulence. Therefore, under turbulence conditions the proposed link demonstrates 
acceptable performance with a 3 dB OSNR penalty. Note that the BER curves in Fig. 9 
indicate that the effect of atmospheric turbulence is more pronounced at higher link dis-
tances. This can be attributed to the fact that at lower link distances, the size of information 
carrying beam in relatively small which results in lower phase distortion.
4  Conclusion
Ultra-high capacity WDM-FSO transmission link incorporating PDM and CO-OFDM 
technologies has been proposed. The performance of the proposed system is investi-
gated under the impact of different weather conditions such as rain, fog, haze, and dust. 
A successful transportation of 1.6 Tbps information over transmission ranges varying 
from 0.13 to 20 km depending on the external weather conditions is achieved with good 
BER and OSNR performance. The proposed system illustrates a feasible solution to 
implement future generation high-capacity long-haul optical wireless networks at the 
last-mile.
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Table 6  Performance comparison of the proposed WDM-PDM-CO-OFDM-based FSO link with contem-
porary works
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